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P-Hydroxycinnamaldehyde

Introduction
Melanoma is the deadliest form of skin cancer, and although it accounts for only 4% of skin cancer cases, it is responsible for 80% of skin cancer-related deaths [1] . The median survival time of patients with metastatic melanoma is 8-9 months, and the 3-year overall survival rate is less than 15% [2] . Because melanomas are highly resistant to most standard treatments, there is an urgent need to identify novel and more effective therapeutic strategies for metastatic melanoma. Recently, studies on tumor cell differentiation have provided useful information for the design of cancer treatments. Many recent reports have shown that the dendritic outgrowth of melanocytes or melanoma cells was promoted by cAMP-elevating agents, growth factors, and UV irradiation, as well as by the induction of melanogenesis [3] . Therefore, dendrites are recognized as morphological indicators of melanocyte or melanoma cell differentiation. The cAMP second messenger pathway stimulates the formation of melanocyte dendrites, as evidenced, for example, by experiments that use agents that increase cAMP levels (e.g., forskolin). Scott et al. reported that dendrite formation in B16 mouse melanoma cells was stimulated by cAMP-elevating agents, which attenuate the assembly of actin stress fibers via the inactivation of Rho, a small GTP-binding protein [4] . Several agents have been reported to induce the differentiation of melanoma cells, and these include a-melanocyte-stimulating hormone (a-MSH), which is known to elevate cAMP levels [5] , lupeol [6] and forskolin [7] . However, potential drugs, especially those extracted from plants, have not been well studied for the induction of melanoma differentiation.
In the search for novel inducers of differentiation for the treatment of cancer, herbs that are currently used as traditional medicines for cancer treatment are promising candidates. Cochinchina momordica seed (CMS) is the dried ripe seed of Momordica cochinchinensis (Lour.) Spreng. CMS extracts have been proposed to exert cytotoxic effects via the PARP and p53 signaling pathways in human gastric cancer cells and to act as gastroprotective agents against acute gastric mucosal damage or as potential immunologic adjuvants [8] [9] [10] . CMS extracts have also been widely used to treat various cancers in China, but its mechanisms of action are unclear. As our previous study showed, an ethyl ester extract of CMS (CMSEE) was able to induce the differentiation of melanoma B16 cells via the MAPK signaling pathway [11] . In the present study, we found that the chemical compound trans-p-hydroxycinnamaldehyde, which was isolated from CMS (CMSP), was at least partly responsible for this activity. The signaling pathway that was involved in CMSP-induced B16-F1 cell differentiation was then identified.
Materials and Methods
Materials
The mouse melanoma cell line B16F1 was obtained from the Cellular Biology Institute of the Shanghai Academy of Sciences (Shanghai, China). The normal melanocytic cell line HEM-α was obtained from Sciencell (Carlsbad, CA, USA). Both of these cell lines were maintained in RPMI-1640 medium supplemented with 5% fetal calf serum (FCS), 100 U/ml penicillin and 100 µg/ml phytomycin. The cell lines were cultured at 37°C in a humidified atmosphere in an incubator with 5% CO 2 . RPMI-1640, FCS and PBS were obtained from Gibco-BRL (Life Technologies, Paisley, Scotland). Forskolin was purchased from Sigma (Number: 120M5054V; Sigma Chemical Co., St Louis, MO, USA). LPA (lysophosphatidic acid, Number: L7260) and L-dopa (3, 4-dihydroxy-L-phenyl-alanine, Number: 049K1310) were also purchased from Sigma. The cAMP ELISA kit (K371-100) was purchased from Biovision (Bioptics, Tucson, AZ, USA). Antibodies to total p44/42 MAPK (ERK1/2), pho-p44/42 ERK1/2 (Thr202/Tyr204), total SAPK-JNK, p-JNK, p38 MAP, p-p38 MAP, and p-PKC, as well as the Active Rho Detection Kit (8820) were all purchased from Cell Signaling Technology, Inc. (CST, CA, USA); antibodies against GAPDH, Tyr, Trp1, MMP2, MMP9, MIA, and S-100B were supplied by Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Extraction and isolation of CMSP
CMS was purchased from Lerentang Pharmacy of Shijiazhuang (Hebei province, China) and was identified by Professor Ren (New Drug Research and Development Center of North China Pharmaceutical Group Corporation, Shijiazhuang, China). The dried CMS powder (5 kg) was extracted with 95% ethanol (2 × 15 L) under reflux for 2 h. The combined 95% ethanol extracts were then concentrated under a vacuum to generate a viscous residue. The residue was suspended in water (3 L) and was then extracted withEtOAc (Ethyl acetate, 3 × 2 L). The ethyl acetate extracts were subjected to column chromatography on a PS25-300 with a successive elution system comprised of 60% acetone, 70% acetone, and 80% acetone. The 70% acetone portion (6.4 g) was subjected to a silica gel column and was eluted with chloroform followed by chloroform-acetone at ratios of 5:1, 3:1 and 1:1. The chloroform fraction was applied to a Pre-HPLC column (15% CH 3 CN-H 2 O, Phenomenex 250 × 21.2 mm, 10 µm) to generate the p-hydroxycinnamaldehyde compound (termed CMSP in this study), which was verified on the basis of ESI-MS (ZMD Micromass, Micromass, England) and NMR spectroscopy (INVOA500, Varian, USA). CMSP was dissolved in DMSO at a dose of 1 mg/ml for storage so that the proportion of DMSO was 0.01%. The indicated concentration of CMSP was obtained by the resolution of this compound in serum-free medium before use.
Cell viability and colony formation
The effect of CMSP on the viability of melanoma cells was determined by MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetazolium]) assay according to the manufacturer's instructions (Promega, Madison, WI, USA). The cells were plated at a density of 1 × 10 4 cells per well in 100 µl of complete culture medium and were treated with CMSP in 96-well microtiter plates (Costar, USA). After incubation for 24, 48 or 72 h at 37°C in a humidified incubator, MTS solution was added (20 µl/well) to the cells and incubated for 2 h at 37°C. The absorbance at 492 nm was measured with a microplate reader (Titertek Multiskan, North Ryde, Australia) to assess the effect of CMSP on cell viability. For the colony forming assay, 1000 cells were seeded into 6-cm dishes and were cultured in a humidified incubator with 5% CO 2 for 10 days. The medium was changed every 2 days. After incubation, the cell colonies were fixed in 4% paraformaldehyde for 15 min; the colonies were then stained by the addition of 3 ml of 2% crystal violet for 5 minutes and counted.
Cell morphology and differentiation
To evaluate the effect of CMSP on cell differentiation, 5 × 10 4 B16-F1 cells were cultured in 35-mm dishes. After treatment with different doses of CMSP for 48 h, the cells were fixed in 4 % paraformaldehyde for 30 min at room temperature, were stained with Giemsa (0.1 % in glycerol and methanol) for 1 min, and were then stained with 0.025 % Giemsa staining solution for 15 min. The cell differentiation rate was obtained as the ratio of the number of cells with cytoplasmic extensions longer than three cellular bodies to the total number of cells [11] .
Melanogenic content and tyrosinase activity
Melanin release was measured as previously described [12] . Briefly, cells were incubated with different doses of CMSP or Forskolin (10 µM) for 72 h and were then washed with PBS and dissolved in 1.0 N NaOH for 1 h at 80°C. The absorbance at 470 nm was measured, and the melanin content was measured by using the authentic standard of synthetic melanin. Tyrosinase activity was assayed as previously described [13] but with minor modifications. The cells were washed with ice-cold PBS and incubated at 4°C for 30 min in lysis buffer (10 nM SDS, 150 mM NaCl, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 10 µg/ml leupeptin). The lysates were centrifuged at 15,000 × g for 30 min to obtain the supernatant, which was the source of tyrosinase. The reaction mixture consisted of 50 mM phosphate buffer (pH 6.8), 0.05 % L-dopa, and the supernatant (tyrosinase). After incubation at 37°C for 20 min, dopachrome formation was monitored by measurement of the absorbance at a wavelength of 570 nm.
Tumor cell migration and invasion assays
The tumor cell migration assay was performed using Boyden chambers with filter inserts (pore size, 
Western blot analysis
Lysates from B16F1 cells were prepared with 500 µl of lysis buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM EGTA (pH 8.0), 0.2 mM Na 3 VO 4 , 0.2 mM phenylmethylsulfonylfluoride, and 0.5% NP-40). The total amount of protein was evaluated by BCA assay. The protein was then subjected to SDS-PAGE using a 12% gel and was electrotransferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bed-ford, MA, USA). The membranes were blocked with 5% BSA for 2 h at room temperature and were incubated overnight at 4°C with the primary antibodies as described individually in the figure legends. The bound primary antibodies were detected by the appropriate fluorochrome-labeled secondary antirabbit or anti-mouse IgG (IRDye 800 (700)-LI-COR, Odyssey). After three washes in TBS-T, the membranes were imaged with an Odyssey infrared imaging system (USA, LI-COR). The levels of the protein were calculated as the ratio of the intensity of protein to that of GAPDH. Experiments were performed in triplicate wells in each run and were repeated three times.
Morphology of B16F1 cells treated by CMSP as observed by TEM
The morphologic changes of B16F1 cells were observed by transmission electron microscopy (TEM) as previously described [14] . Exponentially growing B16F1 cells were seeded in a 25-cm 2 flask at a density of 1.5 × 10 6 cells per flask and were exposed to CMSP (20 µM) or Forskolin (10 µM) for 48 h. The cells were fixed in 2.5% glutaraldehyde and washed with 0.075 M phosphate buffer (pH 7.4-7.6). The cells were then fixed in 0.25% glutaraldehyde, dehydrated in increasing concentrations of ethanol (30, 50, 70, 90 , and 100%) and embedded in Quetol resin. Ultra-thin sections mounted on a copper grid were contrasted with 4% uranyl acetate and Reynolds' lead citrate. The cells were viewed with a multi-purpose Philips 301 TEM at the Electron Microscopy Unit of Hebei Medical University (Shijiazhuang, China).
cAMP Production Assay cAMP production was detected as previously described [15] . Briefly, B16 cells were treated with 10, 20 or 40 µM cAMP for 30, 60 or 120 min and were maintained at 37°C. The cells were lysed and separated by centrifugation, and the concentration of cAMP was detected by a direct cAMP ELISA (performed according to the kit instructions). The optical density was measured at 405 nM, and the concentration of intracellular cAMP was calculated using a weighted six parameter logistic.
In vivo tumor growth assay C57BL/6 mice were used in this study. The mice were housed and maintained according to the National Research Council Guide for the Care and Use of Laboratory Animals, and this study was approved by the Institutional Animal Care and Use Committee (IACUC) of Hebei Medical University, Shijiazhuang, China. B16F1 melanoma cells were harvested by trypsin solution and were resuspended in PBS. Cells (1 × 10 6 cells/mouse) in 0.1 ml of PBS were injected subcutaneously into C57BL/6 mice. When the tumor size reached 40 mm 3 in volume, the mice were randomly divided into the control and treatment groups, which each contained ten mice. The mice were then randomly divided into two groups (6 mice/group). Intraperitoneal injections of CMSP were administered weekly at a dose of 2 mg/kg once every 2 days for three weeks. Control animals received only saline vehicle according to an identical schedule. The tumor size was monitored twice a week by measuring the length and width with a caliper. The tumor volume was estimated using the following formula: volume = width2 × length × 1/2. The mice were sacrificed by cervical dislocation on day 25 after treatment, and the tumor, liver, spleen and lungs were removed, washed with PBS, and stained with H&E. Immunohistochemical staining was performed to detect the expression of Tyr, MMP9, S-100B, p-P38, p-ERK and GTP-RhoA in tumor tissues. deparaffinized and rehydrated with xylene and ethanol, respectively. Endogenous peroxidase activity was blocked with 3% H 2 O 2 in deionized water for 20 min. After blocking with 1% goat serum, the slides were placed in Tris-EDTA buffer (pH 9.0) and antigen retrieval was performed in a pressure cooker for 10 min; the slides were then cooled to room temperature. Without washing, the sections were incubated with primary antibodies against Tyr, MMP9, S-100B, p-P38, p-ERK or GTP-RhoA overnight at 4°C followed by incubation with a biotinylated secondary antibody and streptavidin-biotinylated horseradish peroxidase complex (Zhongshan, Beijing, China). Protein expression was visualized and classified based on the percentage of positive cells and the intensity of staining.
Statistical analysis
Data are reported as the mean ± the standard deviation (SD). One-way analysis of variance (ANOVA) was performed to determine whether significant differences existed among the groups. This was followed by Student's t-test to determine statistical significance. A P value of less than 0.05 or 0.01 was considered statistically significant, as indicated in the figures. All data analyses were performed using SPSS13.0 software (SPSS, Chicago, USA).
Results
Inhibition of B16-F1 cell proliferation by compounds isolated from an EtOAc extract of CMS
Our previous report showed that an ethyl ester (EtOAc) extract of CMS (CMSEE) inhibited the proliferation and induced the differentiation of B16F1 cells [11] . To further address which compound was responsible for these effects, we isolated four compounds from C NMR). These compounds were identified as p-hydroxycinnamaldehyde, coniferyl aldehyde, ligballinol and p-hydroxybenzaldehyde, which are all known to be abundant in CMS. The effects of these compounds on B16-F1 cell proliferation were then evaluated. The data showed that four compounds at 25 µM inhibited the proliferation of B16-F1 cells (Fig. 1A, B) . Both p-hydroxycinnamaldehyde (CMSP) and ligballinol also induced morphological changes in B16-F1 cells analogous to those observed with CMSEE treatment. The concentrations of CMSP and ligballinol that induced differentiation in 50% of the cells were 4.23 ± 0.32 and 25.41 ± 1.47 µM, respectively. This indicates that CMSP may be the most potent known chemical inducer of B16F1 cell differentiation. Therefore, we further explored the function and the underlying mechanism of this compound.
Growth arrest of melanoma B16-F1 cells by CMSP
To further evaluate the effect of CMSP on B16-F1 cell proliferation, the cells were exposed to different concentrations of CMSP (10, 20 or 40 µM) for 24, 48 or 72 h. As shown in Fig. 2A , B16-F1 cell proliferation was inhibited by CMSP in a dose-and time-dependent manner, whereas treatment with 0.01% DMSO had no effect. The morphological changes in the cells that were treated with CMSP were analogous to those induced by forskolin, which is a known inducer of B16-F1 differentiation [7] . Moreover, the number of cells in the cultures that were treated with forskolin or CMSP was also significantly decreased (Fig.  2B) . In contrast, the number of cells and the morphology of normal melanocytic HEM-α cells were not changed after treatment with 20 µM CMSP (Fig. 2C) . This result suggests that CMSP specifically targets malignant cells and that it exerts no effect on normal melanocytic cells. 
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CMSP induces the differentiation of B16-F1 cells
To further investigate whether CMSP induces the differentiation of melanoma cells, the morphological changes in B16-F1 cells were observed after Giemsa staining. As shown in Fig. 3A , cells that were treated with 10-40 µM CMSP showed typical dendritelike cellular protrusions, and the proportion of such elongated cells was significantly increased as the concentration of CMSP increased. Melanogenesis is a principal element of melanoma cell differentiation [17] , and thus, melanin content was measured to further verify differentiation induced by CMSP. As shown in Fig. 3B , the treatment of B16-F1 cells with 10, 20 or 40 µΜ CMSP for 48 h caused a significant increase in the melanin content compared with the untreated and 0.01% DMSO-treated groups. We also evaluated the effect of CMSP on the activity of tyrosinase, a key enzyme in melanin synthesis [18, 19] . As shown in Fig. 3C , tyrosinase activity was markedly enhanced in cells that were treated with CMSP. In addition, the increased melanogenesis observed in B16-F1 cells that were treated with 20 µΜ CMSP was also investigated by electron microscopy (Fig. 3D) . Protein analysis showed that, as a result of CMSP treatment, the expression level of tyrosinase was higher, whereas the expression of the melanoma cell markers S-100B and MIA was lower compared with control cells (Fig. 3E ). These results demonstrate that CMSP is able to induce B16-F1 cell differentiation. Morphological changes and the rate of differentiation after treatment with CMSP for 48 h were assessed by Giemsa staining. Significant differences compared with untreated cells, ** P < 0.01. Scale bars indicate 50 µm. (B and C) Effects of CMSP treatment on melanin production and tyrosinase activity, which were assessed as described in the Materials and Methods. Significant differences compared with untreated cells, * P < 0.05, ** P < 0.01, (n = 3). (D) Effects of CMSP treatment on melanogenesis in B16-F1 cells, as assessed by electron microscopy. Scale bars indicate 1 µm. (E) Effects of CMSP treatment on the expression of proteins associated with tyrosinase activity and malignant markers of melanoma, as assessed by western blot. GAPDH served as a loading control, and the data were normalized to the levels in untreated B16-F1 cells. The numbers below the panels represent the normalized protein expression levels, (n = 3).
MAPK. To further clarify the function of RhoA activity on CMSP-induced B16 differentiation, we used LPA, a GTP-RhoA agonist, in this experiment. The cells were pretreated with LPA (1 μM) for 15 min followed by treatment with or without 40 μM CMSP. The results are presented in Fig. 5 (D and E) and show that GTP-RhoA was significantly increased following treatment with LPA; the results also show that this compound was able to reverse the CMSP-induced differentiation of B16 cells. Taken together, these data indicate that CMSP might affect the RhoA-ERK/JNK axis, which regulates the differentiation of B16-F1 cells, but the mechanism of the CMSP-mediated changes in the p38 pathway remains unknown.
Effect of CMSP on the growth and differentiation of B16-F1 cells in vivo
A mouse melanoma model was used to evaluate the effects of CMSP on B16 cell growth in vivo. The volumes and weights of the tumors in mice that were treated with CMSP were markedly lower than those in control mice (Fig. 6A, B) . Immunohistochemistry showed that, compared with the levels in control mice, tumors in CMSP-treated mice expressed higher levels of tyrosinase and lower levels of the melanoma markers S-100B, MIA-A and MMP-9. This staining pattern indicates that CMSP treatment induced the differentiation of the tumor cells. Moreover, tumors from mice that were given CMSP showed reduced p-ERK and GTPRhoA and increased p-p38 (Fig. 6 C) . According to a histologic assessment, no cancer nodules were detected in the lungs from CMSP-treated mice, while several metastatic tumor nodules were seen in the control animals. In addition, both groups of mice showed no pathological changes in the liver or the spleen (Fig. 6 D) .
Discussion
In the current study, we isolated several chemical compounds from CMS and identified CMSP as the most potent of these with respect to the induction of B16-F1 cell differentiation, which was characterized by decreased cell proliferation, increased dendrite-like outgrowth and enhanced melanin and tyrosinase activity. In our study, we demonstrated for the first time that CMS is able to induce the differentiation of melanoma cells, inhibit their proliferation and inhibit the metastasis of these cells.
The morphological correlates of dedifferentiation have been known for over a century, although an explanation of the mechanistic factors behind this process has been lacking [23] . In this study, we found that the growth of dendrite-like structures was exhibited by B16-F1 cells after treatment with 10-40 µM CMSP for 48 or 72 h (Fig. 1A, 2C and 3A) . Additionally, increased melanogenesis and enhanced tyrosinase activity in CMSP-treated cells indicated the transition to a phenotype similar to that of melanocytes. This was confirmed by our observation of increased melanin corpuscles by electron microscopy. S-100B and MIA are widely used as biomarkers for melanoma [24] [25] [26] [27] . In our study, the expression of both S-100B and MIA was significantly decreased in B16-F1 cells after treatment with CMSP, which suggested a mitigation of their malignant phenotype. Data from an in vivo melanoma model showed that in CMSP-treated mice, tumor growth was significantly slower compared with control animals; in addition, less metastasis was observed in CMSP-treated mice compared with controls. In agreement with this finding, a higher level of tyrosinase and lower levels of MIA, S-100B and MMP-9 proteins in tumors from CMSP-treated mice were found, which suggested a relatively benign phenotype. Moreover, no pathological changes were observed in the livers and spleens in both groups of mice (Fig. 6D) , which suggested that CMSP, as administered, did not cause toxicity to either organ. To further explore the molecular mechanism of CMSP-induced B16-F1 cell differentiation, we analyzed the activities of the MAPK and Rho signaling pathways. MAPK-related proteins, such as ERK, c-JNK, p38 MAPK kinase or Erk5/BMK, play important roles in the differentiation of various cancer cells [28, 29] including melanoma cells [30] . In agreement with this result, the enhanced activity of p38 MAP and the decreased activity of ERK1/2 and JNK were investigated in CMSP-treated B16-F1 cells. GTPase-RhoA and PKC are known upstream activators of cellular MAPK pathways, and [31] [32] [33] [34] . We found that treatment of B16-F1 cells with CMSP caused decreased levels of GTPRhoA but led to no changes in p-PKC. The inhibition of RhoA has been determined to be required for cAMP-induced differentiation of melanoma cells [35] . Therefore, we further studied the mechanism of CMSP by monitoring levels of the second messenger cAMP. We found increased levels of cAMP in cells that were treated with CMSP compared with control cells. These findings indicate that cAMP-RhoA might be a key factor that mediates CMSPinduced cancer cell differentiation, and additional studies should be conducted to illustrate the mechanism of CMSP-mediated changes in the cAMP-RhoA pathway.
In conclusion, our study provides the first insight into the phenomenon that p-hydroxycinnamaldehyde from CMS (CMSP) modulates the proliferation, metastasis and differentiation of B16-F1 cells. Additionally, we provide the first evidence that the suppression of RhoA, ERK, and JNK and that the promotion of the p38 signaling pathway mediate the differentiation of B16-F1 cells. Thus, CMSP might be a potential novel drug for the treatment of malignant melanoma.
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